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SUMMARY 
A p in-on-d isk t r ibometer  equipped wi th  an i n d u c t i o n  h e a t e r  was used t o  
s t u d y  t h e  c o e f f i c i e n t  o f  f r i c t i o n  as a f u n c t i o n  o f  t e m p e r a t u r e  f o r  t r i c r e s y l -  
phosphate (TCP) on  continuous-vacuum-melted (CVM)  "50 t o o l  s t e e l  u n d e r  t h e  
f o l l o w i n g   c o n d i t i o n s :  TCP p r e s e n t  i n  a l i q u i d  r e s e r v o i r  ( b u l k  l u b r i c a t i o n )  
and TCP app l i ed  as a l i q u i d  l a y e r  d i r e c t l y  t o  t h e  d i s k  ( l i m i t e d  l u b r i c a t i o n ) .  
Under l i m i t e d  l u b r i c a t i o n  c o n d i t i o n s ,  e x p e r i m e n t s  w e r e  p e r f o r m e d  i n  d r y  a i r  
( < l o 0  ppm H20), i r y  n i t r o g e n  ( ~ 2 0  ppm H20), d r y  n i t r o g e n  wi th t h e  d i s k s  
preheated t o  700 C t h e n  c o o l e d  t o  room temperature  before TCP a p p l i c a t i o n  
(preheated  d isks) ,  and mo is t   n i t rogen   us ing   p rehea ted   d i sks .  When t h e  co- r.- I 
,!+ 
e f f i c i e n t  o f  f r i c t i o n  was p l o t t e d  as a f u n c t i o n  o f  the  d isk  tempera ture ,  the  
f r i c t i o n  decreased a t  a charac ter is t i c   tempera ture ,   T r ,  whose observed 
values  were 265 C f o r  b u l k  l u b r i c a t i o n  c o n d i t i o n s  i n  d r y  a i r ,  225 C f o r  
l i m i t e d  l u b r i c a t i o n  c o n d i t i o n s  i n  d r y  a i r ,  and  215' C f o r  l i m i t e d  l u b r i c a t i o n  
c o n d i t i o n s  i n  d r y  n i t r o g e n .  No decrease i n  f r i c t i o n  was observed  with.pre- 
heated  disks;   instead, a sha rp   f a i l u re   t empera tu re  was observed  a t  218 C, 
which was taken as the  tempera ture  about  wh ich  the  behav io r  o f  TCP should be 
judged.  X-ray  photoelectron  spectroscopy (XPS) conf i rmed  the  presence of 
phospha te  on  the  su r face  o f  t he  i ron  p ins  used  in  the  t r i bomete r  under  TCP 
l u b r i c a t i o n .  D e p t h  p r o f i l e  s t u d i e s  s u p p o r t  t h e  i d e a  t h a t  a chemica l   reac t i on  
occurs  between  the TCP and the  me ta l  su r face  a t  T r .  
INTRODUCTION 
The mechanism by which tr icresylphosphate (TCP) a c t s  as  an an t iwear  
a d d i t i v e  i n  l i q u i d  l u b r i c a t i o n  c o n d i t i o n s  has  been s t u d i e d  s i n c e  1940 when 
i t  was proposed that  a eu te t i c  phosph ide  was formed wi th  the base meta l  
( r e f .   1 ) .   I n  1965 B a r c r o f t  and Daniel  suggested,  as a r e s u l t   o f   p h o s p h o r u s  
32  s tud ies ,  t ha t  a phosphate was fo rmed on the  sur face  ra ther  than a phos- 
p h i d e  ( r e f .  2 ) .  I n  t h e  same y e a r  G o d f r e y  u s e d  e l e c t r o n  d i f f r a c t i o n  t o  s t u d y  
t h e  wear p a r t i c l e s  f r o m  t h e  s u r f a c e  of TCP- t rea ted  s tee l  to  demonst ra te  the  
presence  o f  FeP04  and  FeP04.2Hfl ( r e f .  3 ) .  Th in  layer   chromatography 
s t u d i e s  o f  TCP f o l l o w e d  b y  n e u t r o n  a c t i v a t i o n  a n a l y s i s  f o r  p h o s p h o r u s  32 by 
Bieber,  Klaus, and Tewksbury ( r e f .  4 )  l e d  t h e s e  a u t h o r s  t o  t h e  c o n c l u s i o n  
t h a t  t h e  a c i d  p h o s p h a t e  i m p u r i t i e s  i n  TCP a r e  t h e  a c t i v e  l u b r i c a t i o n  i n g r e -  
d ien ts .  Subsequent  work  has r e s u l t e d  i n  a w i d e  v a r i e t y  o f  d e t a i l e d  i n f o r m -  
a t i o n  ( s e e  r e f .  5 f o r  a r e c e n t  l i t e r a t u r e  s u r v e y ) ,  b u t  a t o t a l  u n d e r s t a n d i n g  
o f  t h e  T C P - l u b r i c a t i o n  mechanism i s  n o t  y e t  a v a i l a b l e .  
t u r e  i s  t h e  b e h a v i o r  o f  f r i c t i o n  as a f u n c t i o n  o f  t e m p e r a t u r e  o v e r  a wide 
enough  range t o  show the chemical  react ion between TCP and t h e  l u b r i c a t e d  
surfaces. When such a c h e m i c a l  r e a c t i o n  o c c u r s ,  t h e  c o e f f i c i e n t  o f  f r i c t i o n  
s h o u l d  e x h i b i t  a sharp  decrease a t  a cha rac te r i s t i c   t empera tu re ,   T r  
( re f .   6 ) .  The o b j e c t i v e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  measure va lues  
of T r  f o r  TCP under a v a r i e t y  of c o n d i t i o n s  and make  a p r e l i m i n a r y  s t u d y  
o f  t h e  r e a c t i o n  between t h e  m e t a l  s u r f a c e  and TCP us ing  X-ray pho toe lec t ron  
spectroscopy (XPS) . 
One aspec t  o f  t he  TCP- lub r i ca t i on  mechanism t h a t  i s  n o t  i n  t h e  l i t e r a -  
APPARATUS AND PROCEDURE 
A p in-on-d isk t r ibometer  equipped wi th  an i n d u c t i o n  
a l l  f r i c t i o n  measurements ( f i g .  1). The  temperature was 
heater  was used f o r  
measured by  an I r c o n  
1 
Rider (0.476-cm I 
CD-12360-15 
Figure 1. -The  high temperature  pin-on-disk  tribometer. 
model 300LC i n f r a r e d  p y r o m e t e r  r e a d i n g  f r o m  t h e  m e t a l  r e t a i n i n g  r i n g  on t h e  
d i s k .  The TCP used i n  a l l  e x p e r i m e n t s  was F i s h e r  S c i e n t i f i c  Co. T-342. 
X-ray photoelect ron spect ra were taken on an appara tus  cons is t ing  o f  a 
commerc ia l ,  cy l indr ica l -mir ror ,  e lect ron-energy analyzer  wi th  a  25-eV pass 
energy and a magnesium t a r g e t  X-ray  analyzer  housed i n  a s t a i n l e s s - s t e e l  
u l t r a h i g h  vacuum chamber.  The  X-ray source   opera ted   a t  10 kV and 40 ITA. An 
i o n  gun i n  t h e  system  could  be  used t o  i o n  e t c h  t h e  s u r f a c e  o f  samples w i t h  
5 keV argon  ions. The pressure i n  t h e  vacuum system was l e s s  t h a n  1 . 3 3 ~ 1 0 - ~  Pa 
o f  argon. The analyzer  was c a l i b r a t e d  u s i n g  t h e  g o l d  4 f 7 / 2  b ind ing   energy  
o f  84.0 eV. The b ind ing   energ ies  and ox ida t ion   s ta tes   o f   phosphorus   were  
ass igned  acco rd ing  to  the  Handbook o f  X-Ray Photoe lec t ron  Spect roscopy  ( re f .  7 ) .  
Continuous-vacuum-melted, "50 s tee l  d i sks ,  6.3 cm i n  diameter and 
1.1 cm t h i c k ,  were prepared by lapping (on a comnercial  lapping machine) 
fo l lowed by  wash ing  w i th  Freon,  sc rubb ing  w i th  lev iga ted  a lumina pas te  and a 
c l e a n  f e l t  c l o t h ,  and p o l i s h i n g  w i t h  a p o l i s h i n g  wheel  charged wi th  lev igated 
alumina. The disks  were  then  scrubbed  wi th  water and a c lean, f e l t  c l o t h ,  
r i n s e d  w i t h  d i s t i l l e d  w a t e r ,  and d r i e d  i n  c l e a n  f i l t e r  paper. The p i n s  were 
washed w i t h  Freon,  scrubbed w i t h  a pas te  o f  l ev iga ted  a lum ina  on  a f e l t  
c l o t h ,  washed w i t h  warm water  and a c l e a n  f e l t  c l o t h ,  r i n s e d  w i t h  d i s t i l l e d  
water, and d r i e d  i n  c l e a n  f i l t e r  paper. The  chamber o f  t h e  t r i b o m e t e r  was 
r i n s e d  w i t h  95 percent  e thano l ,  fo l lowed.by  a l i b e r a l  r i n s e  w i t h  F r e o n  t o  
remove  any t r a c e  o f  p r e v i o u s  l u b r i c a n t s .  Workers  used  polyethylene  gloves 
t o  a v o i d  c o n t a m i n a t i n g  t h e  a p p a r a t u s  w i t h  s k i n  o i l s  d u r i n g  assembly. 
l e a s t  2 h r  b e f o r e  a r u n  was begun.  The d r y  a i r  had less  than  100 ppm  H20, 
and t h e  d r y  n i t r o g e n  l e s s  t h a n  20 ppm HF. To remove  adsorbed  oxygen, 
d i s k s  were  heated t o  7OO0*2O0 C i n  d r y  n i t r o g e n .  A f t e r  t h e  d i s k s  had  cooled 
t o  room tempera ture ,  the  f r i c t ion  runs  were  made i n  e i t h e r  d r y  n i t r o g e n  o r  
mo is t  n i t rogen .  
The TCP was used as-received f o r  d r y  a i r  e x p e r i m e r t s ,  b u t ,  was deoxy- 
genated and dehydra ted   by   heat ing   to   approx imate ly  150 C under vacuum, then 
a l t e r n a t e l y  f l u s h i n g  w i t h  d r y  n i t r o g e n  and e v a c u a t i n g  a t  l e a s t  t h r e e  t i m e s  
f o r  t h e  n i t r o g e n  atmosphere  exper iments.   For  bulk  lubr icat ion  measurements 
The t r i b o m e t e r  chamber was f l u s h e d  w i t h  d r y  a i r  o r  d r y  n i t r o g e n  f o r  a t  
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25 m l  o f  TCP was p l a c e d  i n  a po l y im ide  cup  in to  wh ich  the  d i sk  ro ta ted .  
Exper iments were also conducted by placing less than 1 m l  o f  TCP d i r e c t l y  
o n t o   t h e   r o t a t i n g   d i s k .  These   exper imen ts   a re   l abe led   " l im i ted   l ub r i ca t i on  
r u n s . "  F o r  d r y  a i r  measurements t h e  TCP was p laced on  the  d isk  us ing  an 
o r d i n a r y  p i p e t t e  e q u i p p e d  w i t h  a rubber  bulb.   For  n i t rogen  atmosphere 
measurements w i t h  l i m i t e d  l u b r i c a t i o n ,  t h e  degassed and dehydrated TCP was 
drawn i n t o  a clean,  nitrogen-swept  syringe.  The TCP was p laced  on   the   d isk  
b y  i n s e r t i n g  t h e  l o n g  n e e d l e  o f  t h e  s y r i n g e  t h r o u g h  a spec ia l  tube p laced 
i n t o  t h e  t h e r m o c o u p l e  o p e n i n g  i n  t h e  t r i b o m e t e r  chamber. A t  l eas t  two runs  
were made u n d e r  e a c h  s e t  o f  c o n d i t i o n s  t o  c h e c k  t h e  r e p r o d u c i b i l i t y  o f  t h e  
data.  
speed o f  50 rpm ( e q u i v a l e n t  t o  a s l i d i n g  speed o f  13 cm/sec). Al began 
w i t h  a r u n - i n  t i m e  o f  a t  l e a s t  25 m i n  o r  u n t i l  t h e  f r i c t i o n  t r a c e  showed no 
change i n  average value f o r  t h e  f r i c t i o n  f o r c e  o r  w i d t h  o f  t h e  f r i c t i o n  
t r a c e .  ( A  t y p i c a l   t r a c e   i s  shown i n  f i g .  2.) 
o i l  i n  t h e  l u b r i c a n t  cup, i n s e r t i n g  a Chromel-Alumel  thermocouple  into ;he 
o i l ,  r o t a t i n g  t h e  d i s k ,  and r a i s i n g  t h e  t e m p e r a t u e  o f  t h e  o i l  above 150 C. 
The heater  was t h e n  t u r n e d  o f f ,  and t h e  e m i s s i v i t y  o f  t h e  p y r o m e t e r  a d j u s t e d  
u n t i l  t h e  p y r o m e t e r  matched t h e  t e m p e r a t u r e  o f  t h e  o i l ,  as measured by the 
thermocouple  as  the o i l  cooled. Thds procedure  gave  temperature  readings 
t h a t  were   reproduc ib le   to   about  1 C . Sca le   cor rec t ions   were  made f o r  t h e  
pyrometer  fo r  each exper iment  by  read ing  ad jacent  sca les  a t  the  same temper- 
a t u r e  and n o t i n g  any  discrepancy  between them. Dur ing an exper iment ,   the 
t e m p e r a t u e  o f  t h e  d i s k  was i n c r e a s e d  b y  t h e  i n d u c t i o n  h e a t e r  a t  a r a t e  of 3 
t o  8 Ca/min. The tempera tures   were   read  a t   in te rva ls   o f  1 min, w h i l e  t h e  
temperature was increas ing .   Read ings   a re   va l id   to   approx imate ly  1 , and  any 
u n c e r t a i n t y  i n  t h e  t e m p e r a t u r e  i s  w i t h i n  t h e  r e p r o d u c i b i l i t y  o f  t h e  d a t a .  
recorder  as  a f u n c t i o n  o f  t i m e .  The f r i c t i o n  f o r c e  on t h e  s t r a i n  gage was 
ca l ib ra ted  us ing  f i xed  we igh ts ,  wh ich  can b e  a t t a c h e d  d i r e c t l y  t o  t h e  p i n  
mechanism o f  t h e  t r i b o m e t e r .  The c o e f f i c i e n t  o f  f r i c t i o n  was d e t e r m i n e d  f o r  
each temperature measurement and p l o t t e d  as a f u n c t i o n  o f  t e m p e r a t u r e  f o r  
each  experiment. 
t h e  f r i c t i o n  i n c r e a s e d  t o  a p o i n t  where metal-metal  contact  between the pin 
and t h e  d i s k  r e s u l t e d  i n  an a u d i b l e  s c r e e c h ,  o r  u n t i l  t h e  b a l l a s t  f o r  t h e  
s t r a i n  gage c l a t t e r e d  a g a i n s t  i t s  s u p p o r t .  One o f   t h e s e  phenomena u s u a l l y  
occur red  when t h e  c o e f f i c i e n t  o f  f r i c t i o n  r e a c h e d  a p p r o x i m a t e l y  0.6 and 
showed a r a p i d  r i s e  i n  f r i c t i o n  such t h a t  a temperature could be associated 
w i t h  t h e  f a i l u r e  o f  t h e  l u b r i c a n t .  These  tempera tures   a re   re fe r red   to  as 
f a i l u r e  t e m p e r a t u r e s .  
Al f r i c t i o n  r u n s  were made under a cons tan t  l oad  o f  9.8 N (1 kg) and a 
The in f ra red  py romete r  was c a l i b r a t e d  b y  p l a c i n g  a sample o f  m i n e r a l  
The f r i c t i o n  f o r c e  was de tec ted  by  a s t r a i n  gage and recorded on an X Y  
The f r i c t i o n  was measured un t i l  t he  tempera tu re  reached  400' C, u n t i l  
Figure 2. -Typical  friction  trace  for  CVM "50 pin slid on CVM M-50disk. Temperature range, 2180 
to 4ooo C. (See fii. 3b) for friction-temperature curve. ) 
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RESULTS AND DISCUSSION 
Curves for the  coefficient of friction  as  a  function  of  temperature a
shown in figures 3 to 7. All are for CVM "50 pins  sliding  on  CVM "50 
disks. The curves in figure 3 include  the  width  of  the  friction  trace  to 
illustrate the variation in friction  typically  found in these  experiments. 
For the sake  of  clarity  other  curves  do not  include the width  of the friction 
trace. 
Bulk Lubrication in Dry Air 
Figure 3 shows the  results  of  two  experiments  run in dry  air  under  bulk 
lubrication  conditions. The curves sho! a drop jn friction  that  can be  as- 
sociated  with  chemical  reactions  ai 265 and 320 C. One curve in fig- 
ure 3(b) shows  a  third dro! at 353 C. The characteristic  temperature  Tr 
was  assigned the value 265 C because  it  most  closely  resembles  curves for 
other materials (ref. 6).  The succeeding  peaks  can  be  attributed  to  either 
other  chemical  reactions to which the  friction is sensitive  or  to  the  disk 
picking up layers of lubricant from the bulk lubricant,  wetting the surface, 
and failing at the temperataures  observed. To minimize  the  latter  possibil- 
ity,  subsequent  runs  were  made  under  limited  lubrication  conditions  as  de- 
scribed in the  Apparatus  section. 
"r 
(a) Tr = 264OC. (The width d the friction  trace  is  illustrated. 1 
(b) Tr  = 265O C. (Curves  for two experiments a r e  shown. ) 
Figure 3. - Coefficient of friction  as  function of temperature for CVM "50 pin  sliding  against  CVM "50 disk in dry  air 
under bulk lubrication with TCP. 
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L i m i t e d  L u b r i c a t i o n  i n  Dry Air 
The c o e f f i c i e n t  o f  f r i c t i o n  as a f u n c t i o n  o f  t e m p e r a t u r e  f o r  l i m i t e d  
l u b r i c a t i o n  i n  d r y  a i r  i s  shown i n  f i g u r e  4. N o t e  t h a t  t h e  f i r s t  t r a n s i t i o n  
occur red  a t  approx imate ly  the  same temperature for  both exper iments,  225O C, 
b u t  a t  a s j g n i f i c a n t l y  l o w e r  t e m p e r a t u e  t h a n  i n  t h e  b u l k  l u b r i c a t i o n  e x p e r i -  
ments, 265 C. Once a g a i n   d e t a i l s   a r e   d i f f e r e n t   i n   t h e   h i g h e r   t e m p e r a t u r e  
p o r t i o n s   o f   t h e   c u r v e s .  It i s   p o s s i b l e   t h a t . t h e   l o w e r   v a l u e s  of T r  f o r  
l i m i t e d  l u b r i c a t i o n  c o n d i t i o n s  a r e  more representa t ive  o f  the  chemica l  reac-  
t ions  cond i t ions  because the  bu lk  lubr ican t  can  d iss ipa te  the  sur face  reac-  
t i o n  energy i n  t h e  g r e a t e r  b u l k  o f  t h e  l u b r i c a n t .  T h e o f a c t  t h a t  s u b s e q u e n t  
l i m i t e d   l u b r i c a t i o n   r u n s  show T r   v a l u e s   c l o s e   t o  225 C t e n d s   t o  sub- 
s t a n t i a t e  t h i s  i d e a .  
L i m i t e d  L u b r i c a t i o n  i n  Dry Ni t rogen 
F igu re  5 p r e s e n t s  d a t a  f o r  l i m i t e d  l u b r i c a t i o n  o f  CVM "50 p ins  on  
C V M  "50 d i s k s  i n  a d r y  (t20 ppm H20) nitrogen  atmosphere. A decrease i n  
f r i c t i o n  was s t i l l  observed, i n d i c a t i n g  a chemica l  reac t i on  w i th  the  me ta l  
surface.  Values  of T r  a re   f ound   a t  215" C. There was  some d e t a i  1 a t  
temperatures above Tr bu t   f a i l u re   occu r red   a t   empera tu res   (abou t  
250" C), w e l l   b e l o w   f a i l u r e   t e m p e r a t u r e s   i n   d r y   a i r  (375"  C). Th is   behavior  
suggests a r e a c t i o n  f o r  TCP t h a t  i s  e s s e n t i a l l y  t h e  same i n  b o t h  d r y  a i r  and 
d r y  n i t r o g e n .  Sweeping ou t  t he  t r i bomete r  chamber w i t h  n i t r o g e n  wil not  
remove  oxygen  adsorbed on the  meta l   sur faces.   Th is   oxygen  could  react   wi th  
t h e  TCP t o  produce a t h i n  film of  p roduc t  and y i e l d  f r i c t i o n a l  b e h a v i o r  
s i m i l a r  t o  t h a t  i n  a i r .  The l i m i t e d  o x y g e n  s u p p l y  s h o u l d  r e s u l t  i n  s i g n i f i -  
c a n t l y  l e s s  r e a c t i o n  p r o d u c t  and i n  a l o w e r  f a i l u r e  t e m p e r a t u r e  as the pro-  
duct  film i s  worn away b y  t h e  p i n  s l i d i n g  o v e r  it. T h i s  i s  p r e c i s e l y  what 
was observed. 
r 
.2 
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Figure 4 - Coefficient of friction as function of 
temperature  for  CVM  M-50  pin  sliding  against 
CVM "50 disk in dry air under  limited  lubrica- 
tion with TCP. Curves br  two experiments 
are shown. 
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Figure 5. - Coefficient of friction as function of CVM 
M-50  pin  sliding against CVM M-M pin in dry nitrogen 
under limited lubrication with TCP! Curves for two 
experiments are shown. 
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L i m i t e d  L u b r i c a t i o n  i n  Dry Ni t rogen w i th  Preheated  D isks  
To v e r i f y  t h e  adsorbed oxygen idea, disks were heated t o  approximately 
700' C i n  d r y  n i t r o g e n  b e f o r e  t h e  f r i c t i o n  r u n  t o  remove t h e  adsorbed  oxygen. 
(This  procedure i s  descr ibed i n  t h e  A p p a r a t u s  and Procedure section.) 
F i g u r e  6 p r e s e n t s  t h e  d a t a  f o r  l i m i t e d  l u b r i c a t i o n  w i t h  degassed and 
dehydrated TCP f o r  CVM "50 p i n s  on preheated CVM "50 disks.  There i s  no 
drop i n  f r i c t i o n  i n  t h e s e  c u r v e s .  I n s t e a d ,  a sha rp ,   rep roduc ib le   f a i l u re  
temperature i s  observed a t  218' C. The absence o f  a decrease i n  f r i c t i o n  
l e n d s  s u p p o r t  t o  t h e  i d e a  t h a t  t h e  c h e m i c a l  r e a c t i o n  o f  TCP a t  Tr i s  
e s s e n t i a l l y  a r e a c t i o n  w i t h  oxygen. The  218 C f a i l u r e   t e m p e r a t u r e  was ve ry  
c l o s e  t o  t h e  T r  v a l u e s  o b s e r v e d  i? b o t h  d r l  a i r  and d ry  n i t rogen  under  
l i m i t e d   l u b r i c a t i o n   c o n d i t i o n s   ( 2 2 5  and  215 C, r e s p e c t i v e l y ) .   T h i s  sug- 
g e s t s  t h a t  218' C may beoa basis temperature around which the behavior of 
TCP revo lves .  Below  218 C TCP wets   the   sur face  and l u b r i c a t e s   t h e   m e t a l  
w i t h  t h e  adsorbed film. A t  218' C the adsorbed film o f  TCP f a i  1s and chem- 
i c a l  r e a c t i o n  must  occur i n  o r d e r  t o  p r o m o t e   f u r t h e r   l u b r i c a t i o n .  The T r  
v a l u e s  i n d i c a t e  t h a t  such a r e a c t i o n  does indeed occur when oxygen i s  
present.  Consequently, TCP ( o r   i t s   r e a c t i o n   p r o d u c t s )   c o n t i n u e s   t o   l u b r i c a t e  
a t  temperatures greater  than 218' C. I f  t h e  r e a c t i o n  w i t h  oxygen  were t o  
o c c u r  a t  t e m p e r a t u r e s  s i g n i f i c a n t l y  above 218' C, t h e  TCP would f a i  1 i n   i t s  
l ub r i ca t i ng  ac t i on  be fo re  chemica l  reac t i on  cou ld  occu r  to  genera te  secondary  
l u b r i c a t i n g  s p e c i e s .  U n d e r  t h e s e  c o n d i t i o n s ,  t h e  f r i c t i o n  w o u l d  r i s e  u n t i l  
t he  chemica l  reac t i on  wou ld  occu r ,  a t  wh ich  tempera tu re  the  f r i c t i on  wou ld  
decrease as the   secondary   l ub r i ca t i ng  specie:  were  generated. O f  course, if 
r e a c t i o n  w i t h  oxygen  were t o  occur  below 218 C, no f a i l u r e  o f  t h e  a d s o r b e d  
layer  would be  observed, an.d t h e  f r i c t i o n  would  decrease  at T r .  
According t o  t h e  model  drawn f r o m  t h e  f r i c t i o n a l  b e h a v i o r  o f  TCP i n   a i r  
and n i t rogen wi th  deoxygenated d isks,  the secondary lubr icat ion species of  
TCP must  be o x i d a t i o n  p r o d u c t s  o f  TCP. The phosphate  moiety i s  n o t  chemi- 
c a l l y  r e a c t i v e  w i t h  oxygen. A l i k e l y  c a n d i d a t e  f o r  r e a c t i o n  i s  t h e  m e t h y l  
group,  which i s  r e a d i l y  o x i d i z e d  i n t o  an a ldehyde  o r  ca rboxy l i c  ac id  func -  
t i o n a l  group. E i t h e r  c o u l d  e a s i l y  r e a c t  w i t h  t h e  m e t a l  s u r f a c e  t o  c o n t i n u e  
T . 5  i 
" 
I 
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Figure 6. - Coefficient of friction as function of tern- 
perature  for  CVM "50 pin sliding  against  preheated 
CVM "50 disk on  dry  nitrogen  under limited lubri- 
cation with TCP. Curves for two experiments are 
shown. 
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c a t i o n  above Tr .   Fur ther   reac t ion   w i th   oxygen may remove t h e   o r g a n i c  
on o f  TCP and leave  the  i ron  phospha te  obse rved  by  God f rey  ( re f .  3 ) .  
L i m i t e d  L u b r i c a t i o n  i n  M o i s t  N i t r o g e n  w i t h  P r e h e a t e d  D i s k s  
The r o l e  o f  m o i s t u r e  i n  t h e  a c t i o n  o f  TCP has  been s tud ied  and i s  
l l y  d i s c u s s e d  r e l a t i v e  t o  t h e  h y d r o l y s i s  o f  TCP t o  an acid phosphate 
( r e f s .  2, 3, and 8). To s t u d y  t h e  r o l e  of  mois ture  under  cond i t ions  where 
only hydrolysis can occur,  exper iments were conducted i n  m o i s t  n i t r o g e n  u s i n g  
preheated  disks.  The cu rves  fo r  t hese  exper imen ts  a re  shown i n  f i g u r e  7. 
The experiments were kerformed i n  n i t r o g e n  w i t h  a r e l a t i v e  h u m i d i t y  o f  8 1  
and  83  percent   (a t  2 1  C). 
The curves i n   f i g u r e  7 e x h i b i t  no decrease i n   f r i c t i o n  and t h e r e f o r e  no 
chemica l   reac t ion   a t   the   sur face .   Lach  curve  does show a s h a r p  f a i l u r e  tem- 
p e r a t u r e   t h a t   i s   l o w e r   t h a n   t h e  218 C Tr   va lue  observed i n  d r y  n i t r o g e n  
and t h a t  seems t o  depend  on t h e  l e n g t h  of t ime the  preheated  d isks  are  ex-  
posed t o  t h e  m o i s t u r e .  I n  any  even t  t he  resu l t s  ob ta ined  he re  do not  suppor t  
t h e  i d e a  o f  a h y d r o l y s i s  r e a c t i o n  between the  water  and t h e  TCP. Such  a 
react ion would generate an ac id  phospha te  tha t  wou ld  reac t  w i th  the  me ta l  
and produce a decrease i n  f r i c t i o n .  T h i s  was not  observed. 
which i s  most l i k e l y  an ox ide  film s i n c e  r e a c t i o n  between the  meta l  and 
n i t rogen   i s   usua l l y   accomp l i shed   i n   t he   p resence   o f   hyd rogen .  If an a c i d  
phosphate were formed by the hydrolysis of  the TCP, t he  reac t i on  be tween  the  
acid phosphate and the  ox ide  wou ld  be a t  l e a s t  as l i k e l y  as t h e  r e a c t i o n  
between the  ac id   phosphate and the  metal .   Since  no  such  react ion was ob- 
served, we can conclude t h t  TCP d i d  n o t  r e a c t  w i t h  t h e  w a t e r  u n d e r  t h e  con- 
d i t i o n s  o f  t h i s  e x p e r i m e n t .  
The fa i l u re  tempera tu res  o f  202'  and 190" C were lower than the 218' C 
found f o r  d r y  n i t r o g e n .  T h i s  may be  due t o  t h e  TCP be ing  d isp laced on t h e  
The preheat ing  o f  the  d isks  produced on  the  sur face  a blue-black film 
RELATIVE HUMIDITY = 81 PERCENT AT 21' C 
RELATIVE HUMIDITY = 83 PERCENT AT 21' C 
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Figure 7. - Coefficient of friction as function of temper- 
ature  for CVM M-50 pin  sliding  against  preheated 
CVM  M-50disk in dry  nitrogen  under  limited  lubrica- 
tion  with TCP. Curves for two experiments are shown. 
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d isk  su r face  by  the  wa te r .  The l o n g e r  t h e  m o i s t u r e  i s  p r e s e n t ,  t h e  g r e a t e r  
t h e  TCP d i sp laced .  A l te rna t i ve l y ,  t he  wa te r  may r e a c t  w i t h  t h e  m e t a l  o x i d e  
p resen t  and cause decreased adsorpt ion of  the TCP on the hydrous oxide. 
X-Ray Photoe lec t ron  Spect roscopy  Inves t iga t ions  
The  presence o f  c h a r a c t e r i s t i c  t e m p e r a t u r e s  T r  f o r  TCP on CVM "50 
s tee l  sugges ts  tha t  a chemical  react ion has occurred between the TCP and t h e  
metal   surface.  X-ray  photoelectron  spectroscopy (XPS) was used t o  i n v e s t i -  
g a t e  t h e  p r o d u c t  o f  t h i s  r e a c t i o n .  The wear scars formed by the "50 p i n s  
s l i d i n g  on "50 d i sks  were  too  sma l l  t o  be  i nves t i ga ted  adequa te l y  by  XPS. 
Consequently, the XPS measurements  were c a r r i e d  on t h e  wear s c a r s  o f  i r o n  
p i n s  t h a t  had  been s l i d  on "50 d i s k s  u n d e r  b u l k  l u b r i c a t i o n  c o n d i t i o n s  i n  
d r y  a i r .  The c o e f f i c i e n t  o f  f r i c t i o n  as  a f u n c t i o n  o f  t e m p e r a t u r e  i s  shown 
i n  f i g u r e  8. The v a l u e   o f   T r   i s   t a k e n  as  313" C. 
The XPS s tudy  was  made u s i n g  t h r e e  i r o n  p i n s .  The f i r s t  was a p i n  t a k e n  
f rom an experiment where the temperature was r a i s e d  t o  280" C, t h a t  i s ,  l o w e r  
than  T r  and presumably  before  the  chemical   react ion  occurs.   Theosecond 
p i n  was f rom an experiment where the temperature was r a i s e d  t o  345 C, t h a t  
i s ,  a t  t h e  b o t t o m  o f  t h e  v a l l e y  i n  t h e  c o e f f i c i e n t  o f  f r i c t i o n  and presumably 
a f t e r  t h e  c h e m i c a l  r e a c t i o n  had  occurred. The t h i r d  p i n  was f rom p exper i -  
ment  which was r u n   t o   t h e   h i g h e s t   t e m p e r a t u r e ,   t h a t   i s ,  above 390 C and t o  
f a i l u r e .  
face  of t h e  p i n  and t o  e s t a b l i s h  t h e  r e l a t i v e  amounts of  chemical  product  
formed.  The XPS spectrum and t h e   d e p t h   p r o f i l e   a r e  shown i n  f i g u r e  9. Note 
t h a t  t h e  b i n d i n g  e n e r g y  o b s e r v e d  i n  t h e  XPS spectrum f o r  t h e  phosphorus was 
134 eV, the energy expected for  phosphate,  but  that  no  peaks  were  observed 
An XPS s tudy  was  made on  each p i n  t o  i d e n t i f y  t h e  m a t e r i a l  on t h e  s u r -  
. 4  
. 2  
0 
PIN 3 
PIN 27, 1 I 
Tr 313' C 7 
I 
100 200 300 400 
TEMPERATURE, % 
Figure 8. - Coefficient of friction as function of 
temperature  for an iron  pin  sliding against 
CVM "50 disk in dry air under  bulk  lubrica- 
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(a)  X-ray  photoelectron  spectrum. 
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Figure 9. -X-ray  photoelectron  spectrum  and  depth  profile  for P (a) 
phosphate peak on  i ron  p ins.  
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at  the posi t ion expected f o r  phosphide ( r e f .  7) .  T h i s  i s  in agreement w i t h  
the conclusions of previous workers on the identity of the TCP-steel reaction 
product (refs. 2 and 3 ) .  The depth prof i les  for  the phosphorus peak of each 
p i n  are presented i n  f igure 9 ( b ) .  
The  prof i le  for  p i n  1 (i .e. ,  the p i n  heated t o  only 280' C )  showed sur- 
face phosphate, which decreased as the surface was sputtered away.  Compared 
with the second and third p i n s ,  the f i r s t  p i n  showed only a small amount  of 
phosphorus on the  surface. The  presence of  any phosphorus before Tr was 
reached is  i n  agreement w i t h  the observations of other workers who detected 
phosphate on metal surfaces under quite mild temperature conditions (refs. 3, 
5, 9, and 10) and suggests that TCP i s  capable of reacting w i t h  metal sur- 
faces under asperity conditions to form a very t h i n  surface film. The second 
p i n  revealed a surface layer which  grew richer i n  phosphate as the surface 
was sputtered away.  The increasing concentration of phosphate is  revealing 
of a chemical reaction occurring between the TCP and the metal surface at  a 
The t h i r d  p i n  exhibits a maximum in the phosphate concentration in the 
Tr Of 313' C. 
depth profile. The sputtering rate of gold was measured a t  approximately 
1 n m h i n .  Sputtering rates for various materials are relatively constant. 
Using the sputtering rate for gold as the rate for the iron p i n s ,  the maximum 
phosphate  concentration  occurs  approximately 50 nm into the surface. The 
presence of this maximum is  consis tent  w i t h  the reaction between the TCP and 
the metal surface at  Tr. The fi lm formed on the surface by the reaction 
not grow after the temperature i s  raised well above T and i s  worn 
as the p i n  continues t o  s l i de  over the d i s k .  Not a l l  [he phosphate i s  
does 
away 
worn 
t her1 
away 
s tee  
away,  and the sputtering manages to penetrate the phosphate film, 
by producing the maximum i n  the curve. Continued sliding would wear 
a l l  the  phosphate. 
CONCLUSIONS 
The resul ts  of investigations carried o u t  w i t h  TCP lubricating CVM "50 
1. The characteristic  temperature Tr,  where f r i c t i o n  i s  reduced due 
i n  var ious environments lead t o  the f o l l o w i n g  conclusions. 
t o  the chemical reaction between the lubricant and the metal surface, a:e 
265 C i n  dry (t100 ppm H20) a i r  under bulk lubrication  conditions, 225 C 
i n  dry a i r  under limited lubrication conditions, and 215' C in dry (c20 ppm 
H20) nitrogen under limited lubrication conditions. 
TCP on CVM "50 steel  i n  dry a i r .  
2. Bulk lubrication  conditions  tend t o  raise  the  values o f  Tr f o r  
3. Oxygen i s  required for TCP to  reac t  with the metal surfaces. 
4. Sweeping out the tribometer chamber :id n o t  remove the oxygen  ab- 
sorbed on the metal surfaces. Heating t o  700 C i n  dry  nitrogen d i d  effect-  
ively eliminate the adsorbed oxygen. 
5. The coefficient of f r i c t ion  fo r  preheated disks i n  d ry  nitrogen 
exhibited a sharp, reproducible failure temperature at 218' C. This f a i l u r e  
temperature i s  suggested as a basis temperature around which the behavior o f  
TCP can be judged. 
6. The presence of moisture i n  dry nitrogen w i t h  preheated d i s k s  caused 
sharp failure temperatures that were lower than 218 C and that  seemed t o  
depend on the length of time the metal surfaces were exposed to  the  moisture. 
7. The presence o f  moisture does not result in a decrease i n  f r i c t ion  
i n  nitrogen on preheated disks and does not provide evidence t o  support the 
hydrolysis of TCP by moisture. 
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8. X- ray  photoe lec t ron  spec t ra  (XPS) o f  i r o n  p i n s  w h i c h  had  been s l i d  
aga ins t  CVM "50 d i s k s  l u b r i c a t e d  wi th  TCP i n  d r y  a i r  e x h i b i t e d  a s t rong  
phosphate peak, b u t  no phosphide peak. 
9.  A d e p t h  p r o f i l e  s t u d y  of the  phosphate  layers  on  the  i ron  p ins  by  
XPS s u p p o r t e d  t h e  v i e w  t h a t  TCP r e a c t e d  c h e m i c a l l y  w i t h  t h e  m e t a l  s u r f a c e s  
a t   he   t empera tu re   T r .  
Lewis Research Center 
Nat iona l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
Cleveland,  Ohio,  October 28, 1982 
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A pin-on-disk tribometer equipped with an  induction heater was used  to  study  the  coefficient of 
friction as a function of temperature  for  tricresylphosphate  (TCP) on continuous-vacuum-melted 
(CVM) "50 tool  steel  under  the following conditions7  TCP was present in a liquid reservoir 
(bulk lubrication), and TCP was applied as a liquid layer  directly  to  the  disk  (limited  lubrication). 
Under  limited  lubrication  conditions,  experiments  were  performed  in  dry (< 100 ppm H20)  air, 
dry (< 20 ppm H20) nitrogen, dry nitrogen with the  disks  heated  to '700' C  then  cooled to room 
temperature  before  the  TCP was applied and the  measurements  made  (preheated  disks), and 
moist  nitrogen using preheated  disks. When the  coefficient of friction was plotted as a function 
of the  disk  temperature,  the  friction  decreased at a characteristic  temperature,  Tr  whose 
observed  values  were 265' C for bulk lubrication  conditions  in  dry air, 225' C for  limited 
lubrication conditions in dry air, and 215' C  for  limited  lubrication  conditions in dry  nitrogen. 
No decrease  in  friction was observed with preheated  disks;  instead a sharp  failure  temperature 
was observed at 218' C, which was taken as the  temperature about which the  behavior of TCP 
should be judged. X-ray  photoelectron  spectroscopy (XPS) confirmed  the  presence of phosphate 
on the  surface of the  iron  pins  used in the  tribometer  under  TCP  lubrication. Depth profile 
studies  support  the  idea  that a chemical  reaction  occurs between the  TCP and the  metal  surface 
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